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Summary

The measurement of atmospheric ozone is important because in the troposphere it is a pollutant that
is toxic to living systems, but in the stratosphere ozone protects life by shielding us from the harmful
ultraviolet-B (UV-B) radiation of the Sun. From aircraft, laser remote sensing using differential absorp-
tion lidar (DIAL) has become a very important technique for measuring atmospheric ozone at different
altitudes and locations. Current aircraft-based DIAL systems use pulsed Nd:YAG pumped liquid dye
lasers, which are then frequency doubled into the UV region, to probe both the stratosphere and tropo-
sphere for ozone.

This report describes a new potential DIAL laser transmitter using solid-state dye laser materials to
make a simpler, more compact, lower mass laser system. Two solid-state dye laser materials were tested
to evaluate their performance in a laser oscillator cavity end pumped by a pulsed Nd:YAG laser at
532 nm. Both dye laser materials are made from a solid-state polymer host polymethyl-methacrylate
(PMMA) where one of the materials was injected with a pyrromethene laser dye, PM 580, and the other
with PM 597. A narrowband laser oscillator cavity was constructed to produce visible wavelengths of
578 and 600 nm. The visible wavelengths produced by the PM 597 dye laser material were frequency
doubled into the UV region (289 or 300 nm) by using a beta barium borate (BBO) crystal. The oscillator
cavity produced a maximum energy of 11 mJ at a wavelength of 578 nm when pumped by the Nd:YAG
laser at an energy of 100 mJ (532 nm) and pulse repetition rate of 10 Hz. A maximum output energy of
378 W) was achieved in the UV region at a wavelength of 289 nm but lasted only 2000 laser shots at a
repetition rate of 10 Hz. A computer model was used to predict the conversion efficiency of the BBO
nonlinear crystal for comparison between theory and experimental results. The results are promising
and show that a solid-state dye laser based ozone DIAL system is possible with improvements in the
design of the laser transmitter.
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1. Introduction

1.1. Importance of Ozone in Atmosphere

The distribution of ozone in the Earth’s atmosphere has been studied for many decades (refs. 1
and 2). Ozone is a rare molecular species that averages about 3 molecules for every 10 million mole-
cules of air. A large majority of ozone is distributed within two regions of the Earth’s atmosphere called
the troposphere and the stratosphere. Ninety percent of ozone in the atmosphere lies in an area approxi-
mately 10 to 50 km above the Earth’s surface in a region called the stratosphere. The remaining ozone
lies in a region from sea level up to approximately 10 km called the troposphere. In the troposphere,
increases in ozone are of concern because of its direct contact with life forms. High levels are toxic to
living systems and can severely damage the tissues of plants and animals (ref. 3). A large amount of
surface-level ozone contributes to smog in many cities around the world and is increasingly being
observed in rural areas as well (ref. 4). On the other hand, ozone in the stratosphere has the beneficial
effect of blocking the harmful ultraviolet radiation of the Sun. Human-created compounds such as
chlorofluorocarbons (CFCs) and related chemicals have contributed to the destruction of ozone in this
region of the atmosphere (ref. 5). This depletion results in an increase in the level of ultraviolet-B
(UV-B) radiation reaching the Earth’s surface, which has a negative effect on human and plant life
(ref. 6). In order to observe the changes of ozone in the atmosphere, it is necessary to monitor its con-
centrations at different altitudes and locations around the Earth.

1.2. Methods of Ozone Measurement

Several different methods are available to measure atmospheric ozone concentrations. These meth-
ods include measurement from weather balloons, from aircraft, and from space. Weather balloons allow
in situ sampling of ozone but are limited to measure within the vicinity of the instrument (ref. 7). They
provide a high-resolution profile of ozone concentration, but because of the large spatial variability of
ozone in the atmosphere, weather balloons cannot be relied on to give a regional profile of ozone
(ref. 7). Measurement of ozone from space is accomplished by using science instruments on satellites
such as Nimbus-7 and Meteor-3 (ref. 8). The Total Ozone Mapping Spectrometer (TOMS) is an instru-
ment used to provide global measurements of total column ozone, measured in Dobson units, on a daily
basis (ref. 8). Figure 1 shows an example of a typical measurement made by the TOMS instrument.
Instruments such as TOMS that take measurements of ozone from space are limited by their lack of ver-
tical resolution; thus, they have difficulty measuring ozone concentrations in the lower atmosphere.
Their advantage lies in the ability to create a global profile of ozone.

Laser remote sensing from aircraft with lidar (light detection and ranging) has become a very
important technique for measuring ozone in the atmosphere. It has been used to measure the concentra-
tion of air pollution in urban areas, the chemical emission around industrial plants, and atmospheric
trace chemicals in the stratosphere (ref. 9). Lidar uses lasers to probe the atmosphere and analyze the
backscattered laser energy to yield information on molecular and aerosol densities. Aircraft-based lidar
systems have the advantage of balloon measurements because they produce good vertical profiles and
also have the advantage of space measurements in that large areas of the atmosphere can be profiled.

A basic lidar system consists of a pulsed laser source, a telescope receiver, a light detector, and a
computer for data analysis. A laser pulse is fired into the atmosphere and collides with the molecules
and aerosols, which scatter some of the light back to the receiver. The receiver collects this
backscattered radiation, and the light detector transforms the radiation into an electrical pulse. This
pulse is then sent to a computer for analysis. Early lidar measurements were made by Fiocco and
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Figure 1. Complete global image of measurement of ozone in atmosphere from TOMS (ref. 8).

Smullin who bounced a pulsed laser beam off the Moon in 1962 (ref. 10). In 1964, Schotland used a
temperature-tuned ruby laser to detect water vapor in the atmosphere (ref. 11).

1.3. Differential Absorption Lidar (DIAL) Technique

The Langley Research Center has an active aircraft-based research program that presently uses
Nd:YAG pumped liquid dye lasers that are doubled into the UV region to probe both the stratosphere
and troposphere for ozone by using the DIAL (differential absorption lidar) technique (ref. 7). The
DIAL technique is a specialized lidar technique that can measure the absolute concentration of mole-
cules in the atmosphere as a function of altitude. The airborne DIAL laser system has the flexibility to
determine the spatial distribution of gases such as ozone, water vapor, sulfur dioxide, and nitrogen diox-
ide at multiple laser wavelengths (ref. 12). This DIAL laser system shown in figure 2 is comprised of
two frequency doubled Nd:YAG lasers that pump two frequency doubled tunable dye lasers which
transmit two laser beams separated in time at distinct wavelengths called the “on-line” beam and the
“off-line” beam. One dye laser is tuned to a higher absorption spectrum of ozone at 289 nm (doubled
578 nm) for the DIAL on-line laser beam, whereas the other dye laser is tuned to 300 nm (doubled
600 nm) for the DIAL off-line wavelength (ref. 7). Each laser beam is transmitted in the zenith and
nadir directions for the investigation of ozone distributions in the troposphere and lower stratosphere.
The receiver system consists of two telescopes that are used to collect data above and below the aircraft.
Photomultiplier tubes (PMT) are used to detect the backscattered light from the laser pulses propagating
in the atmosphere. Digitizers are then used to digitize the analog signals created by the PMT to be stored
as raw data on a magnetic tape. Once the data are saved, they may be analyzed by the computer to
display the ozone concentration as a function of altitude.

Airborne lidar measurements have a great advantage in their flexibility. This flexibility makes it
possible to fly frequent missions over areas of interest and allows researchers to monitor the changes of
ozone concentrations during the seasons of the year at many different locations. In the future, flying
autonomous, lightweight, compact ozone DIAL instruments on unpiloted atmospheric vehicles (UAV)

2
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Figure 2. Block diagram of airborne DIAL system used by Langley Research Center (ref. 7).

will be desirable. This type of vehicle could fly at high altitudes for extended periods of time collecting
scientific data without risk to the pilot. The cost for such missions may be significantly reduced in com-
parison with the present large aircraft-based missions (ref. 13). Unfortunately, the current ozone DIAL
system is too massive to fly on this type of aircraft. This research effort may be one step toward the
ability to fly DIAL systems on UAV aircraft.

One requirement of remote sensing is the availability of lasers with sufficient tunable laser energy
to provide adequate lidar signals. The NASA DIAL laser system uses liquid dyes to fulfill this require-
ment. Dye chemicals are dissolved in a solvent and pumped continuously through a cell where the
532 nm doubled Nd:YAG laser pumps the liquid dye. The laser beam excites the molecules in the dye
solution and emits a laser beam at a visible wavelength. This output is then frequency doubled by angle-
tuned temperature-stabilized potassium and dihydrogen phosphate (KDP) crystals into the UV region.
With the addition of a diffraction grating, this process allows the dye lasers to be tuned to the wave-
length of interest. The output power of the dye laser beam decreases over time because of the damaging
effect the pump laser beam has on the dye solution. The use of liquid dye solutions could impose harm-
ful effects on the environment if not properly disposed. To eliminate this problem and also to produce a
more compact laser system, researchers have explored the use of solid-state materials or plastics that are
injected with dye chemicals allowing the laser to operate at visible wavelengths. Significant advance-
ments have been made in the production of laser dye molecules and the formation of solid-state polymer
materials. The use of these materials results in a more compact laser device with a fire-safe, nontoxic
dye. They also eliminate inhomogeneties connected with liquid flow fluctuations and solvent vaporiza-
tion associated with liquid dye pumps (ref. 14).

1.4. Characteristics of Dye Lasers

Dye lasers are the most versatile class of lasers because of the unlimited variety of dye molecules
that can be used as an active medium (ref. 15). Solid-state dye lasers provide an alternative to the more

3



commonly used liquid dyes in tuning lasers to specific wavelengths. They eliminate the need for
electric-powered fluid pumps making the overall system more compact and reducing the risk of spillage
or leakage of the gain medium into the environment. Significant advancements have been made in the
production of laser dye molecules and the formation of solid-state polymer hosts (ref. 16). The first
attempt at an active solid-state dye laser operation was made in 1967-1968 when lasing was achieved in
a rhodamine dye doped in polymethyl-methacrylate (PMMA) (ref. 17). The results from this experiment
yielded low efficiency and low photostability. In recent years, new efficient dyes have been obtained
along with new ways of dye input into the host matrix to produce higher efficiencies (ref. 16). The
pyrromethene family of dyes has demonstrated very high efficiencies under laser pumping over a
range of wavelengths (ref. 18). In solution, pyrromethene-BF, (PM) complexes offer strong absorption
(Apax = 490-580 nm) and laser activity (Ajqe; = 540—670 nm) (ref. 19). These pyrromethene-based dye
lasers have outperformed the rhodamine and coumarin dyes in the same wavelength ranges under
flashlamp and laser pumping (ref. 20). PMMA has the greatest potential for a host matrix because its
structure is close to the structure of dyes, and it has a high optical homogeneity (ref. 14). Modifications
of PMMA, better known as modified polymethyl-methacrylate (MPMMA), have been produced
through the use of copolymers and additives to increase the damage resistance and the overall efficiency
of the solid-state dye laser. Pyrromethene-BF, (PM) complexes doped in MPMMA show excellent laser
efficiency and damage resistance when excited at a wavelength of 532 nm (ref. 16).

Laser emission from solid-state dye materials may be obtained by using a simple oscillator cavity
design consisting of two mirrors and the dye material as the gain medium. The dye molecules inside the
dye host material are excited to higher energy levels to create a population inversion by end pumping
the oscillator cavity with a frequency doubled Nd:YAG laser at 532 nm. Once the molecules are in the
excited state, they quickly relax to a lower state emitting photons that are shifted to longer wavelengths
in comparison with the pump wavelength. The spectral region of the laser output is dependent upon the
type of dye used for the gain medium.

Surface damage of the host material and dye darkening or bleaching inside the host material are the
two main damage mechanisms caused by the high intensity of the pump laser (ref. 16). This bleaching
effect is more acute for solid-state systems than for those that are solvent based because flowing liquid
systems allow for continual refreshing of the gain medium. The dye eventually degrades, and the
pumped area needs to be either translated or rotated to a fresh spot. Modified solid-state polymers such
as MPMMA have now been developed to resist laser radiation as high as those of most laser damage-
resistant inorganic glasses and crystals (ref. 21). These polymers provide control of the characteristics
of high-power laser radiation that is needed for efficient doubling into the UV region. The MPMMA
material is a suitable choice for use in an ozone DIAL laser system because of the need for long-term
dye stability and high efficiency during operation on science missions.

1.5. Research Goal

The goal of this investigation is to design, construct, and test a compact dye laser transmitter using a
solid-state polymer laser material. This investigation is presented in detail in reference 22. The material
is tested in a series of experiments to define the laser oscillator parameters necessary for the most
efficient laser action. Optical tuning elements are placed inside the oscillator cavity to provide a range
of visible wavelengths necessary for frequency doubling into the UV region to produce wavelengths of
289 and 300 nm. The oscillator cavity is optimized to produce a laser output with high energy, narrow
line width, and small beam divergence necessary for efficient frequency doubling using a nonlinear
crystal. The measured conversion efficiency is compared with the modeling results of the nonlinear
crystal characteristics.



2. Theory

This section covers the theory behind and the derivation of the DIAL equation for measuring atmo-
spheric ozone and also the theory of second harmonic generation used to convert the dye laser output
into the UV region. First this section begins with the derivation of the DIAL equation from the lidar
equation. The theory of second harmonic generation is then covered. Finally, theoretical calculations of
second harmonic conversion efficiencies are made to set goals for expected experimental results.

2.1. Lidar Equation

Lidar is similar to radar but uses optical wavelengths. A basic lidar system is composed of a trans-
mitter and receiver as shown in figure 3 (ref. 23). A short laser pulse at a specific wavelength is directed
into the atmosphere through the use of a laser transmitter. A portion of the energy contained in the laser
pulse is scattered from the atmospheric constituents such as molecules, aerosols, clouds, or dust. This
reflected radiation is detected by a receiver system that is used to determine the relative concentration of
the interacting species over the targeted region of the atmosphere. In addition to the relative concentra-
tion, the range of the interacting species can be determined from the temporal delay of the backscattered
radiation. Lidar has been used to measure air pollution in urban areas and chemical emissions around
industrial plants (ref. 9).

The lidar equation is used to predict the telescope power received from the back-scattered atmo-
spheric signal and is given as

_ P,pAK exp(-20R)

P (1)
r
RZ
where
P, laser power scattered back to receiver telescope
P, power transmitted by laser

Laser transmitter

Atmospheric
distributed scatterer

Receiver
detection
system

Figure 3. Schematic diagram of typical lidar system (ref. 23).

5



R range or distance from receiver to target

p effective reflectivity of targeted species
A area of telescope
K optical efficiency of receiver system

exp(—20R) two-way atmospheric attenuation of laser beam (ref. 9)

The scattering process reduces the intensity of the laser beam, which contributes to extinction. Both
processes cause an attenuation of the laser beam due to Beer’s law

I =1, exp(—OR) ()
where
1 intensity of laser beam after transmission over distance R
a atmospheric extinction coefficient
1, original intensity of laser beam (ref. 9)

The atmospheric extinction coefficient may be expressed as a sum of terms as follows:
a = C(Ray + U Mie + O Raman + A abs 3)

where o Ray: ¥ Mie’ and Op, . are the extinction coefficients related to Rayleigh, Mie, and Raman
scattering, respectively, and o is the molecular absorption coefficient (ref. 24). Rayleigh scattering is
a form of light scattering from particles in the atmosphere, such as molecules or fine dust that are much
smaller than the optical wavelength of the laser. Mie scattering comes from small particles or aerosols
that have a size comparable with or greater than the wavelength of radiation. The Rayleigh and Mie
processes are a form of elastic scattering in which the scattered laser radiation is the same wavelength as
the incident laser wavelength. Raman scattering is an inelastic interaction of the laser beam with the
atmosphere involving excitation of the energy levels of a molecule resulting in a reradiation at a differ-
ent wavelength. Absorption may be observed as the attenuation of the incident laser beam when the
laser frequency matches the absorption band of a given molecule leading to the excitation of the mole-
cule followed by a radiative or nonradiative decay (ref. 9).

The elastic scattering form of the basic lidar equation includes the optical parameters of the receiver
system (ref. 23) and is given as

P(A,R) = C(A,R) P,(\) A—; AR T*(\,R) B(\,R) ()
R

where
P(A,R) received power at specific wavelength

R range from receiver to targeted species



C(A,R) system function determined by optical parameters of receiver optics, quantum efficiency of
detection system, and overlap of transmitted laser beam with field of view of telescope

P;(A\)  average laser power emitted into atmosphere
2 . .. .

A,/R acceptance solid angle of receiving optics

A collecting area of telescope

B(A,R)  back scattering coefficient

R range to target
. ) . . c(t,+1,)
AR range resolution of lidar signal given by —
1,7, laser pulse duration and data acquisition resolution time, respectively
c speed of light

T 2()\ ,R) two-way transmission factor of laser beam to range R at wavelength A, approximated by the
Lambert-Beer law (ref. 23) and given by

T*(\R) = exp|}2 I: a(\,r) dr} (5)

To detect a species from a long distance, a laser beam must not be significantly attenuated by the atmo-
sphere. The output wavelength of the laser must lie in a spectral transmission window of the atmo-
sphere. These windows are shown as clear areas in figure 4, which shows areas of high transmission in
wavelength regions needed for lidar measurements. The absorption regions are due primarily to oxygen,
carbon dioxide, and water vapor (ref. 9). The most effective transparent spectral ranges of the atmo-
sphere are located in the visible range (0.4 to 0.7 um) and the infrared range (0.7 to 1.5 pm, 3 to 5 pm,
and 9 to 13 pm). The laser beam is not significantly attenuated within these spectral regions except by
clouds and aerosols and allows remote sensing of the atmosphere over long distances.

The scattering form of the lidar equation given in equation (4) assumes that only single scattering
events occur. Laser photons that are emitted from a laser source are scattered only once before reaching
the detector. When the optical depth of the probed medium or atmosphere exceeds approximately 0.3,
multiple scattering becomes significant because possibly two or more scattering events by molecules or
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Figure 4. Absorption regions and transmission windows in atmosphere over 0.3-km path near sea level from 0.2 to
15 pm (ref. 9).



particles occur before reaching the detector. This scattering may occur in heavily polluted environ-
ments. The analysis of a multiple-scattered lidar signal is much more difficult than for single scattering.

The use of lidar and the lidar equation only gives a relative indication of the number of scatters in
the atmosphere. It does not give any information about the scattering species or its concentration in a
particular region of the atmosphere. For this information, a special type of lidar called differential
absorption lidar (DIAL) is used to measure the concentration of atmospheric scatters of a particular

type.
2.2. DIAL Equation

The DIAL technique is used for the remote measurement of ozone profiles in the upper and lower
atmosphere. This technique uses two laser wavelengths to measure the difference in the absorption of
the lidar signal between a wavelength that is absorbed by ozone molecules in the atmosphere called the
on-line wavelength and a wavelength that is less absorbed called the off-line wavelength. The ground-
based application of the DIAL technique permits frequent measurement of ozone profiles at a specific
location. In this technique, the average gas concentration over some selected range interval is
determined by analyzing the power of the lidar backscattered signals for laser wavelengths tuned “on
(A,,) and “off” (A ) the specific absorption of 0zone molecules. The basic concept of the DIAL tech-
nique is shown in figure 5. The on-line and off-line wavelengths transmitted by the DIAL laser system
are 289 and 300 nm, respectively. The absorption cross section of ozone is shown in figure 6 with both
the on- and off-line wavelengths. The DIAL equation is the ratio of the received powers from both the
on- and off-line laser beams and is given by

R
Pohg ) POur) exp|:—2 [, 6pr) dr}
Poff()\off’R)

0 (©)
BO\ ") exp[—z [, @r) dr}

This equation is obtained from equation (4), with the constant system function C(A,R) canceling out in
the ratio leaving the backscatter and extinction terms (ref. 8). By taking the natural logarithm and the
derivative with respect to R, the concentration of the target species N is approximately

0 O

% P, (R)\ ) B(R)\ ) %
1v=—1 A P A o) 4 ala(RA ) -a(RAD] O (7)

200 OR P?flf(R )\E’f) ~ OR B(R f& mmoo®oooofo g
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where AG = 0(A ) —O(A ) is the differential absorption cross section of the measured target
species. The retrieved concentration N expressed in this equation is simplified by taking into account
only the 4 term while the B and C terms from backscattering and extinction, respectively, are neglected.
If the difference in wavelength is small, the backscattering coefficients are assumed to be essentially the
same and the B term reduces to zero given a homogeneous atmosphere (ref. 7). The C term, which is
due to the wavelength dependence of the aerosol attenuation, will also approach zero as the wavelength
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separation of the on- and off-line wavelengths is reduced (ref. 7). The value of the ozone concentration
N at a specific range can be determined by using a simplified version of equation (8) and is given as

N(R) =

1 1 |:Poff(R2)Pon(Rl):| (8)

2(R2_R1)[0-()\0n) _O(Aoff)] " Poff(Rl)Pon(R2)

where G(A_ ) — (OA ) is the difference between the ozone absorption cross sections at the on- and
off-line wavelengths, and P_ (R) and P _g(R) are the signal powers received from range R at the on-
and off-line wavelengths (ref. 12). This form of the DIAL equation provides a means of calculating
atmospheric ozone as a function of altitude. The ozone concentration is determined from the natural
logarithm of the received powers for the on- and off-line return signals in a given range cell (R, - R,).
The two laser wavelengths and the absorption cross section for ozone must be known when DIAL
measurements are attempted.

2.3. Second Harmonic Conversion Theory

The dye lasers used in the airborne DIAL system produce wavelengths in the visible region. The
on-line dye laser is tuned to 578 nm while the off-line dye laser is tuned to 600 nm. To extend the wave-
length of this laser source into the UV region for ozone measurements, a frequency doubling crystal is
used to generate the second harmonic of the fundamental dye laser wavelength. The first report of
second harmonic generation through laser operation was in 1961 (ref. 25). A ruby laser with a wave-
length of 694.3 nm was incident on a quartz crystal, which generated ultraviolet light at exactly one-half
the wavelength of the incident laser radiation. Figure 7 shows a block diagram of the basic principle of
second harmonic generation. Second harmonic generation may also be viewed as the exchange of
photons between the various frequency components of the electric field. Figure 8 shows an illustration
of this interaction where two photons of frequency fare destroyed and a photon of frequency 2fis simul-
taneously created in a single quantum-mechanical process (ref. 26). The solid line in figure 8 represents
the atomic ground state, and the dashed lines represent virtual levels of a nonlinear crystal. The physical
process of frequency doubling through second harmonic generation is due primarily to the dependence
of the polarization on the electric field. When an electric field enters a material, it induces a polarization

Transmitting
filter
f 2f 2f

L aser source Nonlinear Detector
crystal :

Figure 7. Block diagram of experimental arrangement for detection of second harmonic generation (ref. 25).

_——d - 2f

Figure 8. Energy level diagram describing second harmonic generation.
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in the material. The propagation of a wave through the material produces changes in the distribution of
electrical charges as the electrons and atoms react to the electromagnetic fields of the incident wave.
The magnitude of the induced polarization per unit volume depends on the magnitude of the applied
electric field (ref. 27). The relationship between polarization and electric field is given by

P(t) = x(l)}f7 + X(z)E2 + X(3)E3 + .. 9)

where P is the induced polarization; X is the first, second, and third-order susceptibility; and E in the
magnitude of the electric field. The polarization may be assumed to vary linearly with the electric field,
but with large values of £ available from high power lasers this assumption is no longer valid. The first
term in equation (9) is responsible for the ordinary linear optical effects. The following terms are
responsible for what is normally called nonlinear optics. Because the higher orders of the susceptibility
are small, the nonlinear optical effects start to show only when very high electrical fields are incident on
a crystal. A laser beam whose electric field strength is represented as

E(t) = E exp(—iwt) +c.c. (10)
where

c.c. = Complex conjugate

gives rise to the nonlinear polarization created inside the crystal for which the second-order susceptibil-
ity in equation (9) is nonzero. The induced polarization is

PP = 2xPEE* + [xPE? exp(-2iax) + c.c.] (11

where the first term consists of a contribution at zero frequency and the second term is a contribution at
a frequency 2f (ref. 26). The latter contribution leads to the generation of radiation at the second
harmonic frequency.

2.3.1. Parameters Affecting Second Harmonic Conversion Efficiency

The laser source in the second harmonic generation must have a high-power density, small beam
divergence, and a narrow line width in order to achieve maximum second harmonic power (ref. 27). For
conversion efficiency, the ratio of the power generated at the second harmonic frequency to that inci-
dent at the fundamental wave is given by (ref. 27):

Py 2. P sin®(BkIN2)

— = I'K— ——————~ (12)
Py, A (aki2)?

where

P,, power generated at second harmonic frequency

P incident laser power at fundamental wavelength

/ length of nonlinear crystal
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A area of fundamental beam
Ak phase mismatch between polarization wave and electromagnetic wave

K nonlinear coefficient which is constant for given wavelength and given nonlinear material

From equation (12), the second harmonic power generation is strongly dependent on the phase mis-
match expressed by the sinx/x? function where x = Akl/2 and is illustrated in figure 9. For Akl # 0 the
efficiency is reduced significantly. The phase matching bandwidth is defined as the points where the
function is reduced to one half the maximum value. The distance over which this function goes to zero
is defined as “the coherence length” (ref. 28), which is the distance from the entrance face of the crystal
to the point at which the second harmonic power is at its maximum value. The second harmonic conver-
sion efficiency is proportional to the square of the crystal length as indicated in equation (12). Without
some method of phase matching the fundamental and second harmonic fields, the coherence length is
usually very small, typically on the order of 10 pm (ref. 25).

2.3.2. Phase Matching

For efficient second harmonic generation, the phase velocities of the two waves must be identical so
that the second harmonic generated at different points along the path of the nonlinear crystal add in
phase (ref. 29). A polarization wave at the second harmonic frequency 2w, is produced inside the crys-
tal, which has a phase velocity and wavelength determined by the index of refraction of the fundamental
wave. A transfer of energy from this polarization wave to an electromagnetic wave at a frequency 2w
takes place, and the index of refraction for the doubled frequency determines the phase velocity and the
wavelength of this electromagnetic wave (ref. 27). If the created electromagnetic wave has the same
phase as the original wave, the created waves will interact constructively along the polarization, build-
ing up intensity at the second harmonic wavelength. On the other hand, if a difference in the phase
exists, the wave will not be very intense, and the second harmonic waves interact both constructively
and destructively. The difference in phase arises when the created wave propagates through the medium
with a different speed from the original wave; this is true for most materials because the refractive index
and speed of light are wavelength dependent. The phase matching conditions of wave vectors can be
either collinear (scalar phase matching) or noncollinear (vector phase matching) (ref. 30). The phase
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Figure 9. Sinx/x? function describing effects of phase mismatch in frequency conversion process.
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mismatch between the polarization wave and the electromagnetic wave may be expressed as the
difference in the wave number:

Ak = —(n;—n,) (13)

where A, is the wavelength of the fundamental wave, n, is the index of refraction for the fundamental
wave, and n, is the index of refraction of the doubled frequency. For efficient energy transfer to the
second harmonic wavelength, Ak must equal zero which implies that n; = n,. The phase matching
condition Ak = O is difficult to achieve because of the differences in the indices of refraction for the fun-
damental and second harmonic wavelengths. The most common procedure for achieving phase match-
ing is to make use of the birefringence displayed by many crystals (ref. 26). Birefringence is defined as
the dependence of the refractive index on the direction of polarization (ref. 29). To produce a phase
matching condition for two waves, mixing the ordinary and extraordinary waves in an anisotropic
medium is possible (ref. 28). One of the waves, called the ordinary wave, sees a constant index of
refraction n” independent of its direction of propagation. The second wave, or the extraordinary wave,
sees a refractive index ne(e) that is dependent on its direction of propagation. The angle 0 describes the
direction of propagation relative to one of the principal axes of the crystal (ref. 28). In a crystal where
n’ is greater than n’, phase matching may be achieved by finding the angle of propagation Opm to
satisfy the equation

o

ngy = Mye(Bpm) (14)

which can also be written as

nz)—ngw(epm) =0 (15)

where n° and n° are the ordinary and extraordinary refractive indices, respectively, and are graphically
illustrated in figure 10 (ref. 28). Birefringent crystals have two types of angle phase matching (ref. 26).
In second harmonic generation, type I phase matching is when either the ordinary or the extraordinary
wave has the same polarization. In type II phase matching, the fundamental wavelength is polarized so
that one of its orthogonal components is ordinary and the other is extraordinary.

The control of the refractive indices at each frequency is important in order to achieve the phase
matching condition Ak = 0. In practice, angle tuning is a method used to achieve phase matching. Angle
tuning involves the precise angular orientation of the crystal with respect to the propagation direction of
the incident light. When the wave propagation is in a direction where the ordinary and extraordinary
waves propagate with the same velocity, the refractive index for the extraordinary wave is given by
(ref. 27):

o e
R w

2 .2 )
[(n(oo) sin Gpm+(n§w) cos Bpm}

n;w(epm) = 1/2 (16)
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Figure 10. Illustration of method of matching refractive indices of fundamental and second harmonic waves in
negative uniaxial crystal (ref. 28).
This expression can be approximated by (ref. 31):
e o o e .2
”Zw(epm) = Ny, (= 1y,) Sin Gpm (17)

An expansion of equation (15), taking into account small deviations from the phase matching direction
Bpm, yields (ref. 26)

o e a[now—n;w(epm)}
My = N0(Opm) = 35 (6-6,,) (18)

Substituting equation (17) into equation (18) results in (ref. 26)

o

o= 5,(8) = 86(n5,,—njy,) sin 26, (19)

n

where 00 is interpreted as the beam divergence of the incident laser beam and is directly proportional to
the ordinary and extraordinary indices of refraction. The incident laser beam must exhibit a small finite
divergence to avoid defeating the phase matching condition.

In addition to the beam divergence, the spectral line width of the incident laser beam is also a criti-
cal factor in determining the efficiency of second harmonic generation. Expanding equation (15) to
include small wavelength changes around the central wavelength A at which phase matching occurs
results in

Ong, | 0n(8pm)
w

now—ngw(epm)=|:aT 3 on, }()\—)\0) (20)
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where (A —A ) is the spectral line width of the incident laser beam. Equation (20) shows that a large
spectral spread of the line width would negatively affect the phase matching condition n = n, w(epm)
needed for efficient second harmonic generation.

2.4. Computer Model Used To Compute Conversion Efficiency

For the purpose of this experiment, theoretical calculations were made of the conversion efficiency
by using a BBO nonlinear crystal to frequency double the solid-state visible dye laser. By using a com-
puter model developed with the software program Mathsoft Mathcad, the second harmonic conversion
efficiency was calculated from equation (12). The computer model calculates the conversion efficiency
of the crystal in the following five separate steps:

1. The parameters for the dye laser beam at the input to the crystal must be defined and inserted into
the model; the input parameters are defined as the energy of the incident dye laser beam (mJ), the
spectral line width of the laser (pm), the divergence (mrad), the diameter of the laser beam at the
full width at half maximum (mm), the pulse width of the laser (ns), and the length of the BBO
crystal (mm)

2. The Ak term for the phase matching condition is calculated from the input parameters

3. The computer model divides the intensity of the input laser beam into 20 equally spaced sections
where the amplitude inside each section is constant and joined together to represent a Gaussian
intensity profile

4. The computer model calculates the conversion efficiency of each section by using differential
equations (ref. 30) for a three-wave parametric interaction involving the second-order suscepti-
bility defined in equation (9)

5. The conversion efficiency of each section is integrated to reflect the final conversion efficiency of
the doubling crystal

Limitations of the computer model include (1) the assumption that the dye laser beam has a Gaussian
intensity profile and (2) the computer model does not account for the walk-off angle of the doubling
crystal. Errors in the calculation occur when defining wavelengths outside the transmission window of
the doubling crystal and using negative values for the beam divergence. To simulate the expected exper-
imental values for the solid-state dye laser beam with the computer model, two plots were made to pre-
dict the performance of the BBO doubling crystal. Figure 11 shows a plot of the efficiency as a function
of the pump intensity for a 5-mm-long BBO doubling crystal with the incident laser beam having a line
width of 300 pm for various divergences. As observed in figure 11, an improvement in the divergence
as well as an increase in the pump intensity improves the efficiency of the BBO doubling crystal. For
comparison, a second plot was made with the same input parameters but with a reduction in line width
to 100 pm. As shown in figure 12, the efficiency of the crystal increases beyond 25 percent for high
pump intensities at a line width of 100 pm.

To simulate near perfect conditions for the doubling crystal, a third plot shown in figure 13 was
made for a dye laser beam at intensities near the damage threshold of the doubling crystal. The beam
divergence was dropped to 0, and spectral line widths were kept between 1 and 4 pm. The highest possi-
ble or ideal performance from the BBO doubling crystal when using the computer model is 78 percent.
The goal in this experiment is to produce a visible wavelength at 578 nm with the solid-state dye laser at
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Figure 11. Efficiency of BBO doubling crystal at input line width of 300 pm for several different theoretical diver-
gence measurements. Wavelength of dye laser, 578 nm.
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Figure 12. Efficiency of BBO doubling crystal at input line width of 100 pm for several different theoretical diver-
gence measurements. Wavelength of dye laser, 578 nm.

a high-intensity level for a conversion efficiency of approximately 25 percent. The theoretical calcula-
tions are used to predict the second harmonic generation performance of the solid-state dye laser.

3. Solid-State Dye Laser Experimental Setup

This section describes the experimental setup for testing the characteristics of two different solid-
state dye laser materials. The dye materials are polymer-host materials doped with pyrromethene laser
dyes PM 580 and PM 597. A broadband and narrowband laser configuration is used to define important
properties of the materials for possible use as an ozone DIAL laser transmitter.
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Figure 13. Efficiency of BBO doubling crystal at intensities near damage threshold of doubling crystal. Beam
divergence held to 0 with spectral line widths from 1 to 4 pm.

3.1. Broadband Laser Cavity Configuration

A simple laser oscillator cavity consisting of two mirrors with the solid-state dye laser materials
PM 580 and PM 597 as the gain medium was designed to measure the efficiency and lifetime of both
laser materials. The oscillator cavity, shown in figure 14, was collinearly end pumped through the high
reflector mirror by a frequency doubled Q-switched Nd:YAG laser at a wavelength of 532 nm. The
Nd:YAG laser was flashlamp-pumped and produced a vertically polarized output beam 6 mm in
diameter with a pulse width of 10 to 17 nsec (depending on the energy input to the flashlamps). The
characteristics of this laser system are shown in table 1.

A dichroic mirror was used to separate the residual fundamental wavelength at 1064 nm from the
second harmonic at 532 nm. The mirror was specially coated for a high reflectance at 532 nm at an
angle of incidence of 45° and high transmission at 1064 nm for the same angle of incidence. A beam
dump was placed behind the dichroic mirror to capture the residual 1064-nm laser beam. To control the
532-nm energy, a half-wave plate and cube polarizer were used to attenuate the power generated at this
wavelength. The half-wave plate was used to rotate the polarization of the laser beam as it propagated
through the cube polarizer. The polarizer was oriented in a direction for extinction of vertically polar-
ized laser beams and transmission of horizontally polarized laser beams.

A dielectric-coated highly reflective plano mirror passed 98 percent of the 532-nm laser beam, and
with a reflectivity greater than 97 percent between 560 and 620 nm, was used as the high reflector for
the oscillator cavity. Figure 15 shows the transmission curve for this mirror. The output coupler used for
this cavity was a piece of glass that provided approximately 4 percent reflectivity at the front and back
surface for a total reflectivity of 8 percent at all laser wavelengths. The distance between the output
coupler and the highly reflective mirror was 6.4 cm.
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Figure 14. Dye laser oscillator cavity in broadband configuration end pumped by Q-switched Nd:YAG laser.

Table 1. Characteristics of Q-Switched Pulsed Nd:YAG Pump Laser

Wavelength,nm............... ... .. ... ... .. .oou.. 1064/532
Resonator configuration. .. ........... .. .. .. ... .. ... ... Stable
Energy per pulse (maximum), mJ ........ ... ... ... ... ...... 100
Energy drift, percent ......... .. .. ... .. . <10
Polarization ........ ... ... . . ... Vertical
Repetition rate (maximum), Hz . .. ........................... 10
Pulse width,nsec . ....... ... ... .. . 10-17
Transverse modes. ... ...vv i Multiple
Beam diameterat FWHM, mm .. ........... ... . ... .. ....... 6
Divergence, mrad. .. .......... it 1.5
Primary power source, VAC. ... ... ... o 110
Power consumption, amp. . .. ... <10

The solid-state dye laser materials used as the gain medium for this cavity were pyrromethene laser
dyes PM 580 and PM 597 doped in a polymeric host material. The PM 580 laser dye was incorporated
in a host material of PMMA using a polymerization process developed by Agilase Inc. The dye host
material was prepared from a molar of 1 x 107% of the PM 580 laser dye and cut into squares with
dimensions 25.4 X 25.4 x 12.7 mm. Both surfaces of the dye material were polished to a high optical
quality for optimum laser performance.

The PM 597 dye was in a host material of MPMMA and was manufactured by GosNIIMedpolymer
in Moscow, Russia. This modified host material consisted of the same basic chemicals as the PMMA
material but includes copolymers and additives to improve the damage resistance to high-intensity
pump lasers. The dye host material was prepared from molars of 1 x 10™% and 2 x 107# of the PM 597
laser dye and cut into a 2.54-cm-diameter rod with thicknesses of 10.5, 12.7, and 15 mm. Both the
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Figure 15. Transmission curve for highly reflective mirror used in broadband dye laser oscillator cavity.

PM 580 and PM 597 dye laser materials were placed in the center of the two mirrors to complete the
broadband oscillator cavity.

A helium neon laser was used to align the oscillator cavity for maximum performance at the peak
dye laser wavelength. The lasing wavelengths of the oscillator cavity were obtained by using a spec-
trometer equipped with a charge coupled device (CCD) detector and installed in a personal computer.
The spectrometer was calibrated by using a low-pressure mercury lamp. The energy measurements for
both the pump laser and dye laser were recorded with either an analog energy meter or a digital energy
meter. Laser pulse widths were recorded with a high-speed photodetector connected to a 100-MHz
digital oscilloscope.

3.2. Narrowband Laser Cavity Configuration

In order to improve the spectral characteristics of the solid-state dye laser and provide tunability in
the wavelength region of interest, three SF-10 prisms were placed inside the broadband oscillator cav-
ity. The prisms allow both line narrowing and tunability of the laser beam produced by the solid-state
dye laser material. The experimental setup for this configuration is shown in figure 16.

The narrowband oscillator cavity was collinearly end pumped by the same Q-switched pulsed
Nd:YAG laser used in the broadband configuration. Because the SF-10 prisms must accept only hori-
zontally polarized light, a half-wave plate was placed outside the cavity to rotate the polarization of the
pump beam from vertical to horizontal. A plano-convex lens was used to reduce the size of the pump
beam so that higher order transverse modes are not excited by the pump laser beam. A beam profile
instrument was used to examine the beam characteristics of the dye laser output. The dye laser material
was rotated to Brewster angle to reduce the reflections caused by the flat polished surfaces of the dye
material. The output coupler was a flat mirror with a coating that was 10 percent reflective at 600 nm on
the mirror side, and antireflective coated for the visible laser wavelengths on the opposite side. This
mirror also had a 2° wedge on the backside to reduce the internal reflections in the oscillator cavity. A
concave dielectric-coated mirror that passed 95 percent of the pump laser beam while having a reflectiv-
ity greater than 95 percent between 580 and 630 nm was used as the highly reflective mirror. This
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Figure 16. Dye laser oscillator cavity in narrowband configuration end pumped by Q-switched Nd:YAG laser.

mirror was used in the narrowband configuration to provide a more stable oscillator cavity. The total
length of the cavity was 38 cm.

To extend the wavelength of the dye laser oscillator output into the UV region, a BBO nonlinear
optical crystal with dimensions 10 x 10 X 5 mm was used for second harmonic generation. This crystal
was chosen because of its wide transmission region and large angle tuning range for phase matching.
The BBO crystal also has a high damage threshold and a broad temperature acceptance bandwidth.
Some of the optical properties of this material are shown in table 2. This crystal was used with the
narrowband configuration of the dye laser oscillator to produce a wavelength of 289 nm, which corre-
sponds to the on-line wavelength used for atmospheric measurements of ozone in the DIAL laser
system.

Table 2. Nonlinear Optical Properties for Type I BBO Crystal

Sizeof crystal, mm. ........... .. .. .. ... .. ... ..., 10x 10 x5
Spectral acceptance, nm. .. ........ ..ol 189-1750
Refractive indices at—
10642 um . . ... n,=1.5425,n,=1.6551
05321 pm. ..o n,=1.5555,n,=1.6749
02660 pm. ... n,=1.6146,n,=1.7571
Damage threshold at—
1.064 Pm, GW/em? (10D0S). .« .o v oee e e 5
0.532 Hm, GW/emZ (10 0S) .+« v o v eee e e e 1
0.266 MM, MW/CIZ (8 11S) .+« e eee e e e 120
Nonlinear coefficients ....................... d1 = 5.8d3¢4 (KDP)
d31 = .05d11
Acceptance angle, mrad-cm. . . ... 1.0
Walk-offangle,deg . ...........co i 32
Temperature acceptance, deg. .. ..., 51



To separate the visible wavelength from the UV output of the doubling crystal, a dichroic mirror
and a UV transmitting filter were used. The dichroic mirror was coated to transmit 85 percent of visible
wavelengths between 570 and 600 nm and to reflect more than 99 percent of the wavelengths in the UV
region from 200 to 300 nm at an angle of incidence of 45°. A UV transmitting glass filter was used to
block the residual visible wavelength from the doubling crystal. This filter transmitted more than
87 percent of wavelengths from 250 to 330 nm. The digital energy meter was placed at the output of the
filter to measure the UV energy from the BBO doubling crystal.

4. Solid-State Dye Laser Experimental Results

The experimental results from both the broadband and narrowband laser cavity configurations of
the solid-state dye laser are discussed in this section. First, the laser threshold, conversion efficiency,
and lifetime measurements are discussed. Second, the experimental measurements of tunability, beam
divergence, and line width of the narrowband laser cavity are then discussed to determine the second
harmonic conversion efficiency. Finally, the experimental and theoretical results of the second
harmonic conversion efficiency are compared.

4.1. Experimental Results From Broadband Oscillator Cavity

4.1.1. Laser Threshold Measurements

The lasing spectrum of the broadband oscillator cavity with the experimental setup of figure 14 was
measured near the laser threshold for both the PM 580 and PM 597 dye materials at a thickness of
12.7 mm. The total length of the cavity was 6 cm. The input energy to the oscillator was measured with
the energy meter, which was placed at the output of the half-wave plate and cube polarizer. The output
energy was directed into a fiber-optic cable for a measurement of the lasing spectrum. Figure 17 shows
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Figure 17. Peak laser wavelength and bandwidth of PM 580 dye material at molar of 1 x 107 and thickness of
12.7 mm as function of pump intensity.

21



9000 Pump

intensity,
8000 L mJicm2
36
7000 | /
Jo)
S 6000 |- a
>
g 5000 |
®
> 4000 |-
‘D
T 3000 |-
1=
2000 |
1000
0 RN . ! |
515 525 535 545 555 565 575 585 595 605 615

Wavelength, nm

Figure 18. Laser spectra of broadband oscillator cavity at various pump intensities near laser threshold for PM 580
laser dye material.

the peak wavelength and the full width at half maximum (FWHM) bandwidth for the PM 580 dye
material (molar of 1 x 10_4) as a function of the pump intensity. The peak wavelength was measured by
calculating the average of the data points from the base to the peak of the laser cavity output spectra
shown in figure 18. A line was drawn in the middle of the spectra to connect the averaged points and to
determine the wavelength at the peak of the laser spectra. At lower intensities, the bandwidth of the dye
laser was very large due to the spontaneous emission of the laser material. As the pump laser intensity
increased, the peak dye laser wavelength shifted toward the pump laser wavelength and the bandwidth
decreased. Stimulated emission was reached after a sharp change from 26 to 32 ml/cm’. The peak
wavelength and bandwidth of the oscillator cavity remained constant at pump intensities beyond the
laser threshold intensity of 34 mJ/cm?.

This experiment was performed twice at each data point shown in figure 17, and the results shown
are an average of the two measurements. The manufacturer-stated pulse-to-pulse stability of the
Nd:YAG pump laser was +6 percent rms. The pulse-to-pulse stability of the dye laser was found by
observing the output of the oscillator cavity with an oscilloscope. The average output of the dye laser
was taken after 100 pulses and the stability was found to be +11 percent of the average output.

The spectral output of the oscillator cavity was measured at various pump intensities near the laser
threshold and is shown in figure 18. The observation was that the PM 580 dye material did not absorb
all the 532-nm pump laser beam.

The same experiment was performed with the PM 597 dye material (molar of 1 X 10_4) at a thick-
ness of 12.7 mm. The experiment was performed twice at each data point shown in figure 19, and the
results shown are an average of the two measurements. The pulse-to-pulse stability of the dye laser was
found by observing the output of the oscillator cavity with an oscilloscope. The average output of the
dye laser was taken after 100 pulses and the stability was found to be +11 percent of the average output.
The peak wavelength was measured by calculating the average of the data points from the base to the
peak of the laser cavity output spectra shown in figure 20. A line was drawn in the middle of the spectra
to connect the averaged points and to determine the wavelength at the peak of the laser spectra. Smaller
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Figure 20. Laser spectra of broadband oscillator cavity at various pump intensities near laser threshold for PM 597
laser dye material.

changes were in the peak wavelength, but the bandwidth of the laser output was almost the same as that
measured with the PM 580 dye material. The peak laser wavelength and the bandwidth remained con-
stant at input intensities beyond 31 mJ/cm?. Unlike the PM 580, the PM 597 dye material absorbed all
the 532-nm pump laser energy near the laser threshold. The spectral response of this dye material is
shown in figure 20 at various pump intensities. The peak laser wavelength of the PM 597 dye material
was 573 nm, which is shifted to a longer wavelength compared with the peak wavelength of the PM 580

dye material.
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4.1.2. Laser Efficiency Measurements

The laser efficiency of both the PM 580 and PM 597 solid-state dye materials at a molar
of 1 x 10™* and thickness of 12.7 mm was measured to compare the performance of each in the broad-
band oscillator configuration shown in figure 14. For this experiment, the oscillator cavity length was
6 cm and remained the same length for both dye materials throughout the experiment. The oscillator
cavity was aligned by using the helium neon laser, and the Nd:YAG laser was used to pump the cavity
at a repetition rate of 10 Hz. The input energy to the oscillator was measured at the output of the cube
polarizer. The energy meter was then removed and the output energy of the dye laser was measured with
the digital energy meter within a period of 30 sec to avoid damaging the laser dye molecules inside the
host material at high input energy levels. Once the output energy measurement was made, the input
energy was measured and increased to a higher level by increasing the energy of the Nd:YAG pump
laser. This process was repeated several times until the maximum pump output energy (=100 mJ) was
reached with the Nd:YAG laser. The output energy of the oscillator cavity was measured from the low-
est to the highest input energy at the same pump laser spot on the dye material. This experiment was
repeated for both the PM 580 and PM 597 dye laser materials, and the output energy of the oscillator
cavity was measured from the highest to the lowest pump input energy of the Nd:YAG laser.

The slope efficiency defined as the ratio of the output laser energy to the input energy of the pump
laser was calculated by using the least-squares fitting approach to the slope of a line for all data points.
The results of the slope efficiency measurements for the PM 580 and PM 597 dye laser materials at a
molar of 1 x 10™# and thickness of 12.7 mm are shown in figures 21 and 22. The slope efficiency was
calculated after the dye laser became stable at a pump input energy above the threshold for lasing. The
PM 580 dye showed a slope efficiency of 67 percent initially but dropped to a value of 66 percent when
the experiment was performed for a second time. The PM 597 dye material showed an improved slope
efficiency performance of 79 percent under the same testing conditions but did not drop significantly in
the output energy when performing the experiment for a second time.
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Figure 21. Two measurements of slope efficiency for PM 580 dye laser material at molar of 1 X 10™# and thick-
ness of 12.7 mm in broadband oscillator cavity.
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Figure 22. Two measurements of slope efficiency for PM 597 dye laser material at molar of 1 X 10™* and thick-
ness of 12.7 mm in broadband oscillator cavity.

The PM 580 laser dye doped in the PMMA host material showed optical damage at the pump laser
spot after the experiment was completed. The PM 597 laser dye doped in the MPMMA host material
showed no optical damage, but a transparent region was seen at the pump laser spot where the laser dye
was depleted. This improved performance of the PM 597 laser dye is primarily due to the damage resis-
tant modifications to the PMMA host material.

4.1.3. Lifetime Measurements

The useful service lifetime of solid-state dye materials when pumped by a pulsed laser source is an
important property to consider for practical use in an ozone DIAL laser system. For remote sensing
applications, operating the laser transmitter continuously for an extended period of time (>36 000 laser
shots) to collect data over large regions of the atmosphere would be desirable. To determine the service
lifetime of both the PM 580 and PM 597 dye materials, the broadband oscillator cavity was used in the
same configuration shown in figure 14. Three different pump energies were used for both dye materials
ranging from a low- to a high-intensity level. For each level of intensity, the pump energy remained
constant at a pulse repetition rate of 10 Hz and was terminated after the dye laser energy dropped by
50 percent of the initial value. The lifetime performance of the PM 580 dye material (molar of 1 X 10_4)
with a thickness of 12.7 mm at an input intensity of 0.1 J/cm? is shown in figure 23. The efficiency of
the dye material in figure 23 is defined as the ratio of the dye laser output energy to the input energy of
the pump laser. The dye laser output energy dropped 50 percent of the initial value after approximately
90000 laser shots. This experiment was performed once and the data points were collected after a
period of approximately 3000 laser shots. The pulse-to-pulse stability of the Nd:YAG pump laser was
+6 percent rms, whereas the dye laser stability was found to be £11 percent of the average output from
the oscillator cavity after 100 pulses.

The lifetime performance of the PM 597 dye material under the same test conditions is shown in
figure 24. The experiment was performed once and the data points were collected after a period of
approximately 3000 laser shots. The pulse-to-pulse stability of the Nd:YAG pump laser was +6 percent
rms, whereas the dye laser stability was found to be +11 percent of the average output from the
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Figure 23. Lifetime performance of PM 580 dye material (molar of 1 X 10_4) at thickness of 12.7 mm. Nd:YAG
pump laser operated at repetition rate of 10 Hz with intensity of 0.1 Jem?.
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Figure 24. Lifetime performance of PM 597 dye material (molar of 1 X 10_4) at thickness of 12.7 mm. Nd:YAG
pump laser operated at repetition rate of 10 Hz with intensity of 0.1 J/em?.

oscillator cavity after 100 pulses. The PM 597 dye material maintained a constant energy output for a
30-min period at the beginning of the experiment unlike the PM 580 dye material, which showed a
decline in the output energy immediately after starting the experiment. Both dye materials lost 50 per-
cent of their original energy output after 2 1/2 hr of continuous operation at 10 Hz. At higher intensity
levels, the lifetime performance for both materials was significantly reduced. The lifetime performance
of the PM 580 and PM 597 dye laser materials at a molar of 1 x 10™*and thickness of 12.7 mm is shown
in figure 25 at various pump laser intensities. The output energy of the PM 597 dye material remained
constant after a 15-min period but dropped sharply after 30 min at a pump laser intensity of 0.5 J/cm?.
The output energy of the PM 580 dye material dropped 50 percent of its initial value after only
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Figure 25. Lifetime performance of PM 580 and PM 597 dye materials (molar of 1 X 107 at thickness of
12.7 mm. Nd:YAG pump laser operated at repetition rate of 10 Hz with intensities of 0.1, 0.5, and 1 J/em?.

10 minutes of operation due to optical damage at the surface of the material. The fastest destruction of
the dye molecules occurred in both materials at an input intensity of 1 J/em?.

In addition to measuring the output energy, the spectral content of the dye laser was measured with
the spectrometer at different times during the same experiment. The lasing spectra of the oscillator cav-
ity for the PM 580 dye laser material at a pump laser intensity of 0.1 J/em? are shown in figure 26. The
initial measurement is taken at the beginning of the experiment, and the final measurement is taken after
the dye laser output energy dropped by 50 percent of the original value. A shift in the peak wavelength
toward the UV region and an increase of the pump laser intensity at 532 nm was observed over the
period of the test. This change in absorption of the dye material at the pump wavelength may be due to
the “bleaching” or damage to the dye molecules in the area of the laser pumping. The PM 597 dye mate-
rial showed a similar shift in the peak wavelength during the lifetime tests as shown in figure 27. A
larger shift occurred in the peak wavelength of the PM 580 dye material at the end of the lifetime test in
comparison with the PM 597 dye material under the same conditions.

To measure the amount of the 532-nm pump laser energy that was unabsorbed by the dye material,
an interference filter was placed at the output of the oscillator cavity. The interference filter was used to
transmit only the pump laser wavelength (532 nm) and to absorb the dye laser wavelengths. The energy
of the pump laser unabsorbed by the dye material at an input intensity of 0.1 J/em? was measured for
both the PM 580 and the PM 597 dye laser materials with the energy meter, and the results are shown in
figure 28. At an input intensity of 0.1 J/em?, the percentage of pump energy absorbed by both dye laser
materials was measured. A steady decrease occurred in the absorption of the pump laser energy after a
period of 30 min due to the damaging effects of the pump laser on dye molecules inside the host
material. This change in absorption also contributes to the shift in the dye laser wavelength towards the
532-nm pump laser wavelength. The efficiency defined as the ratio of converted energy to that absorbed
for both dye materials remained approximately constant throughout the operating lifetime and is shown
in figure 29.
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Figure 26. Spectral content of PM 580 dye material (molar of 1 X 10_4) at thickness of 12.7 mm at beginning and
end of lifetime measurement. Nd:YAG pump laser operated continuously at repetition rate of 10 Hz at intensity of
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Figure 27. Spectral content of PM 597 dye material (molar of 1 X 10_4) at thickness of 12.7 mm at beginning and
end of lifetime measurement. Nd:YAG pump laser operated continuously at repetition rate of 10 Hz at intensity of
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Figure 28. Pump laser energy absorbed by PM 580 and PM 597 dye materials at input intensity of 0.1 J/em?
expressed as percentage over period of lifetime measurement.
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Figure 29. Efficiency of PM 580 and PM 597 dye materials defined as ratio of converted energy to that absorbed
over period of lifetime measurement.
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4.2. Experimental Results From Narrowband Oscillator Cavity

4.2.1. Laser Efficiency Measurements

The laser efficiency of the PM 597 solid-state dye material was measured in the narrowband config-
uration as shown in figure 16 because of its improved performance in comparison with the PM 580
solid-state dye materials in the broadband configuration. For this experiment, the oscillator cavity
length was 38 cm and remained the same length throughout the experiment. The focusing lens outside
of the oscillator cavity reduced the size of the pump laser beam from 6 to 1 mm in diameter (FWHM).
The efficiency of the PM 597 dye material was measured at each dye thickness (10.5, 12.7, and 15 mm)
to determine which length produced the highest oscillator cavity efficiency. The oscillator cavity was
aligned by using the Nd:YAG pump laser at a low energy and a pulse repetition rate of 10 Hz. Once the
cavity was aligned, the spectrometer was used to measure the peak laser wavelength at the output of the
oscillator cavity. The oscillator cavity was tuned to 578 nm by adjusting the prisms and the output cou-
pler in the horizontal direction. The pulse repetition rate of the Nd:YAG laser remained at 10 Hz
throughout the experiment. The input energy to the oscillator was measured at the output of the half-
wave plate. The energy meter was then removed and the output energy of the dye laser was measured
with the digital energy meter within a period of 30 sec to avoid damaging the laser dye molecules inside
the host material. The measurement was repeated at the same input energy level to determine the repro-
ducibility. Once the output energy measurement was made for the second time, the input energy was
measured and then increased to a higher level by increasing the energy of the Nd:YAG pump laser. This
process was repeated for each data point until the maximum output energy (=100 mJ) was reached with
the Nd:YAG laser. The pulse-to-pulse stability of the Nd: Y AG pump laser was +6 percent rms, whereas
the dye laser stability was found to be 11 percent of the average output from the oscillator cavity after
100 pulses. The results for the molars of 1 x 10"*and 2 x 10™% of the PM 597 dye materials at various
thicknesses are shown in figures 30 and 31. Each data point reflects the average of the two measure-
ments taken at each input energy level.
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Figure 30. Slope efficiency of PM 597 dye material (molar of 1 X 10_4) at various lengths in narrowband oscilla-
tor cavity.
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Figure 31. Lifetime performance of PM 597 dye material (molar of 2 X 10_4) at thickness of 15 mm. Nd:YAG
pump laser operated at repetition rate of 10 Hz with intensity of 2 J/em?.

The slope efficiency defined as the ratio of the dye laser energy to the pump laser energy was calcu-
lated by using the least-squares fitting approach to the slope of a line for all data points. The PM 597
dye material at 15 mm in thickness was observed to show an improvement in the slope efficiency com-
pared with the same dye material at small thicknesses in both the molars of 1 x 107%and 2 x 1074, The
higher concentration of laser dye produced a higher gain in the oscillator cavity which resulted in a
higher slope efficiency. The PM 597 dye material at a molar of 2 X 107 and thickness of 15 mm was
chosen for use in the narrowband oscillator configuration because of the improved slope efficiency
performance.

4.2.2. Lifetime Measurements

The lifetime performance of the PM 597 dye material at a molar of 2 x 10~*and thickness of 15 mm
was tested in the narrowband configuration shown in figure 16. Three different input energies were used
to test the performance of the dye material ranging from a low- to a high-intensity level. For each level
of intensity, the input energy remained constant at a pulse repetition rate of 10 Hz. The lifetime perfor-
mance of the PM 597 dye material at an input intensity of 2 J/em? is shown in figure 31. The efficiency
of the dye material labeled in figure 31 is defined as the ratio of the output energy of the dye laser to the
input energy of the pump laser. This experiment was performed once and the data points were collected
after a period of approximately 600 laser shots. The pulse-to-pulse stability of the Nd:YAG pump laser
was 6 percent rms, whereas the dye laser stability was found to be 11 percent of the average output from
the oscillator cavity after 100 pulses. The dye material lost 50 percent of the original output energy after
10 min of continuous operation. The test was terminated after 24 min when the dye laser output energy
dropped beyond 80 percent of the original value.

The life performance of the PM 597 dye material at various pump laser intensities is shown in
figure 32. A constant decrease in the dye laser output energy occurred immediately after starting the test
at a pump intensity of 9 J/em?. The dye material lost 50 percent of the original output energy after
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Figure 32. Lifetime performance of PM 597 dye material (molar of 2 X 10_4) at thickness of 15 mm and pump
laser intensities of 2, 5, and 9 J/em?,

6 min. The test was terminated after 24 min when the dye laser output energy dropped below 75 percent
of the original value. The output energy of the oscillator remained fairly constant throughout the test at
a pump laser intensity near threshold. This shows that the damaging effects of the pump laser beam are
more apparent at higher energy levels than at lower energy levels.

4.2.3. Tunability

The narrowband oscillator cavity shown in figure 16 provided a wide range of visible laser wave-
lengths when using the PM 597 dye laser material. This material was chosen because of its fluorescence
properties in the visible wavelength region from 550 to 650 nm (ref. 32). The tunability measurement
and the fluorescence spectra of the PM 597 dye laser material with a molar of 2 X 107 and thickness of
15 mm are shown in figure 33. The lasing spectrum of the oscillator cavity was measured with the spec-
trometer, and each data point on the tuning curve represents a mechanical tuning of the prisms and out-
put coupler mirror. The tuning curve followed the fluorescence spectra closely at wavelengths between
560 and 600 nm, but the intensity dropped off at wavelengths beyond 600 nm. The peak tuning wave-
length of the oscillator cavity was slightly red shifted because of the dielectric coatings on the output
coupler and highly reflective mirror. This tuning range is suitable for obtaining both the on- and off-line
visible wavelengths (578 and 600 nm) needed for frequency doubling into the UV region. This experi-
ment was performed once and the data points on the tuning curve were collected after a period of
approximately 600 laser shots.

4.2.4. Line Width

The three dispersive prisms in the narrowband oscillator cavity of figure 16 were used to reduce the
spectral line width of the solid-state dye laser. The line width of the dye laser in the broadband
configuration (11 nm) was too large for efficient frequency doubling into the UV region using the BBO
doubling crystal. A 1-m scanning monochromator with a resolution of 20 pm was used to measure the
line width of the narrowband oscillator cavity. The results of this measurement are shown in figure 34
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Figure 33. Laser tuning and fluorescence spectra of narrowband oscillator cavity with PM 597 dye material (molar
of 2 X 10_4) at thickness of 15 mm.

17500
15000
»» 12500
=
=} . .
210000 Pump intensity, Jcm?
% 3
®
> 7500
B
o
1=

5000

2500

0 | | ]

574 576 578 580 582 584
Wavelength, nm

Figure 34. Spectral line width of narrowband oscillator cavity at pump laser intensities of 1, 1.5, and 3 J/em? using
PM 597 dye material (molar of 2 X 10_4) at thickness of 15 mm.

using a molar of 2 x 107 for the PM 597 dye material and thickness of 15 mm at pump laser intensities
near the laser threshold. At a peak laser wavelength of 578 nm, the line width of the dye laser was mea-
sured at full width at half maximum (FWHM). For a low input intensity the line width was greater than
3 nm but narrowed to 370 pm at a pump intensity of 3 J/em?. A broad pedestal appeared at the base of
the spectrum due to the amplified spontaneous emission created by the dye laser material. This phenom-
enon has been observed by several authors using similar dye laser materials (refs. 33, 34, and 35). To
reduce this effect, the dye laser material was rotated to Brewster angle so that the reflections caused by
the flat polished surfaces of the dye material did not contribute to the laser beam. The laser cavity
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Figure 35. Spectral line width of narrowband oscillator cavity at pump laser intensity of 2 J/em?.

mirrors were purchased with antireflective coatings and large wedges to reduce the intercavity reflec-
tions. To further reduce the effects of the broad pedestal, the dye laser material was tilted in an upward
direction on the optical mount inside the oscillator cavity to suppress the surface reflections that could
contribute to the pedestal. Figure 35 shows the line width at a pump laser intensity of 2 J/em? after
tilting the dye laser material inside the oscillator cavity. The line width of the dye laser was measured to
be 390 pm (FWHM), and the intensity of the pedestal was reduced. The effects of the broad pedestal
were further reduced by increasing the intensity of the Nd: Y AG pump laser to the maximum of 9 J/em?.
Figure 36 shows the line width of the narrowband oscillator cavity at a maximum pump laser intensity
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Figure 36. Spectral line width of narrowband oscillator cavity at pump laser intensity of 9 J/em?.
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of 9 J/em?. The line width of the dye laser was measured to be 390 pm (FWHM). The ratio of the inten-
sity contained in the area under the broad pedestal shown in figure 36 to the area under the central spike
was estimated to be 23 percent. This shows that the broad pedestal is consuming 23 percent of the total
energy of the line-width measurement. The portion of the energy contained in the central spike is more
efficiently converted into the UV region with the BBO doubling crystal.

4.2.5. Beam Divergence

A laser beam that exhibits a small divergence is very important for efficient frequency doubling.
The beam divergence of the narrowband oscillator cavity with the PM 597 dye laser material (molar of
2 % 10_4) with a thickness of 15 mm was measured by focusing the dye laser beam into the detector of
the beam profile meter by using a convex lens with a focal length of 1 m. The dye laser beam was
increased to a maximum energy (=11 mJ) by maximizing the output energy of the pump laser at a repe-
tition rate of 10 Hz. The diverging laser beam was focused into the detector of the beam profile meter
2 m away from the output of the oscillator cavity by using the convex lens with a focal length of 1 m.
The detector was placed at the focal point of the convex lens to measure its diameter. The full angle
beam divergence was calculated by dividing the focal spot diameter of the dye laser beam by the lens
focal length of 1 m. The divergence of the oscillator cavity improved when the distance between the
highly reflective mirror and the dye material increased as shown in table 3. The oscillator cavity showed
an improvement in divergence at a longer length because of the change in the beam radius of the funda-
mental mode at the output coupler. The beam radius of the fundamental mode at the output coupler
increased as the cavity length increased and improved the full angle divergence of the oscillator cavity.
Extending the length between the highly reflective mirror and the dye laser material beyond 254 mm did
not improve the divergence of the oscillator cavity.

Table 3. Divergence and Length Between Highly
Reflective Mirror and Dye Laser Material

Length between mirror Dye laser divergence,
and dye material, mm mrad

152 5

215 3

254 1

305 1

4.2.6. Mode Structure

For efficient frequency doubling into the UV region, it would be desirable for the solid-state dye
laser to operate at the fundamental mode. To lase at the fundamental mode, the oscillator cavity mirrors
were adjusted vertically and the beam profile of the dye laser beam was measured with the beam profile
meter. The video output of the beam profile meter consisted of two scans over the field of odd and even
pixel lines of the camera. The laser sensor integrates each field for 0.03 sec and combines two rows of
pixel lines to form the intensity lines. Figure 37 shows the beam profile of the dye laser beam at an
energy of 6 mJ using the PM 597 dye material (molar of 2 x 10™%) at a thickness of 15 mm. The mea-
surement was taken 35 cm away from the output coupler mirror of the oscillator cavity. The lines that
form the circles of the profile represent the various intensities of the dye laser beam. The intensity pro-
files are 13.5, 36.8, 50, 60.7, 86.5, and 95 percent of the peak intensity of the dye laser beam starting
from the largest circle to the smallest circle. A slight improvement occurred in the beam profile when
the dye laser energy was increased to 9 mJ as shown in figure 38. The dye laser beam showed a near
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Figure 37. Beam profile of dye laser beam at energy of 6 mJ using PM 597 dye material (molar of 2 X 10_4) at
thickness of 15 mm.
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Figure 38. Beam profile of dye laser beam at energy of 9 mJ using PM 597 dye material (molar of 2 % 10_4) at
thickness of 15 mm.

Gaussian intensity profile in both the x and y dimensions when using the beam profile meter. The area
of the highest intensity is located at the beam center. At a maximum dye laser energy of 11 mJ, the beam
profile of the dye laser beam looked similar to the profile measured at a dye laser energy of 6 mJ as
shown in figure 39. No significant changes were present in the profile at the maximum dye laser energy.
The beam profiles shown in figures 38 and 39 show that the dye laser oscillator cavity is operating near
the fundamental mode.

4.2.7. Second Harmonic Generation

Second harmonic generation was achieved by using the PM 597 dye laser material (molar
of 2 x 10_4) at a thickness of 15 mm by placing the BBO doubling crystal at the output of the dye laser
oscillator cavity as shown in figure 16. To improve the efficiency of the doubling crystal, a half-wave
plate and cylindrical convex lens with focal length of 100 mm were placed between the output coupler
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Figure 39. Beam profile of dye laser beam at energy of 11 mJ using PM 597 dye material (molar of 2 X 10_4) at
thickness of 15 mm.

and the input of the doubling crystal. The half-wave plate was used to rotate the polarization of the dye
laser beam for maximum doubling efficiency, whereas the convex lens was used to increase the inten-
sity of the dye laser beam in the BBO doubling crystal. The UV output energy from the doubling crystal
was measured with the digital energy meter. The conversion efficiency was determined by taking the
ratio of the UV energy at the output of the UV transmitting filter to the output energy of the dye laser.

The computer model defined in section 2 was used to predict the efficiency of the BBO doubling
crystal with specific input parameters as measured in this investigation. The input parameters included
the experimental results for line width (390 pm), beam divergence (1 mrad), dye laser energy (11 mJ),
FWHM beam diameter (0.7 mm), crystal length (5 mm), pulse width (10 ns), and peak wavelengths of
578 or 600 nm. Figure 40 shows the theoretical calculation and experimental results of the conversion
efficiency for the BBO doubling crystal at visible dye laser wavelengths of 578 or 600 nm. Only four
data points were taken because of the limited range in dye laser energy that converted into the UV
region. The PM 597 dye material was rotated to a new pump laser spot at each data point to make an
accurate efficiency measurement. The experimental measurement was performed twice at each data
point and the results are an average of the two measurements.

The highest conversion efficiency of the BBO doubling crystal was achieved experimentally at a
maximum dye laser input energy of 11 mJ at a peak wavelength of 578 nm with the Nd:YAG 532 nm
pump laser operating at 100 mJ. The computer model predicted the same conversion efficiency at both
dye laser wavelengths of 578 and 600 nm. The digital energy meter measured 341 W of UV laser
energy at the output of the UV transmitting filter. The UV laser energy increased to 378 pJ when taking
into account the internal and external losses of the UV transmitting filter. A slight improvement in the
conversion efficiency at 578 nm occurred because the intensity of the oscillator cavity at that
wavelength is higher as shown by the laser tuning curve of figure 33. The computer model calculated a
conversion efficiency of 5.9 percent when using the experimental results as the input parameters to the
model. A factor of 2 difference occurred between the experimental and theoretical calculation of
conversion efficiency at the maximum dye laser intensity. This difference in conversion efficiency may
be due to the unconverted energy from the broad pedestal at the base of the spectral line width. The
difference may also be due to the assumptions made by the computer model and the accuracy of the
experimental measurements of divergence, line width, and UV output energy.
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Figure 40. Experimental and theoretical calculations of conversion efficiency for BBO doubling crystal. Wave-
lengths for experimental curve of dye laser were 578 and 600 nm.

5. Concluding Remarks

In this report, a compact dye laser transmitter using a solid-state dye laser material was constructed
and tested. Two types of solid-state dye laser materials were used to determine the most effective mate-
rial for use in the dye laser transmitter. The conversion efficiency and lifetime of PM 580 doped in
PMMA and PM 597 doped in MPMMA were tested in a broadband oscillator cavity configuration. The
results of the test indicate that the PM 597 dye laser material has a higher slope efficiency at 79 percent
and an improved resistance optical damage.

The efficiency of the PM 597 dye laser material was tested in a narrowband oscillator cavity config-
uration at different concentrations and thicknesses to determine the most efficient conversion from the
pump laser wavelength of 532 nm to the dye laser wavelength of 578 nm. The lifetime, tunability, line
width, and beam divergence of the oscillator cavity were measured with a molar of 2 X 1074 of the
PM 597 dye laser material with a thickness of 15 mm to determine the maximum conversion efficiency
into the UV region with the BBO doubling crystal.

A computer model was used to compare the theoretical and experimental results of the conversion
efficiency of the BBO doubling crystal. The results of the comparison between the computer model and
the experimental results were fairly close. The doubling crystal had a low conversion efficiency due to
the large beam divergence, large spectral line width, low dye laser intensity, and a low slope efficiency
of 16 percent from the pump wavelength to the dye laser wavelength.

Improvements to the design of the oscillator cavity resulting in a smaller beam divergence and a
narrower spectral line width should improve the conversion efficiency of the BBO doubling crystal. To
improve the lifetime of the material, the dye laser material may be placed on a motorized rotation stage
to decrease the damaging effects of the pump laser at one spot on the material. An oscillator-amplifier
design should improve the conversion efficiency from the pump to the dye laser wavelength and
improve the second harmonic conversion efficiency. Further scaling of this solid-state dye laser trans-
mitter would be necessary for possible use in an ozone DIAL laser system.
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